We report the discovery of HATS-70b, a transiting brown dwarf at the deuterium burning limit. HATS-70b has a mass of M p = 12.9 +1.8 −1.6 M Jup and a radius of R p = 1.384 +0.079 −0.074 R Jup , residing in a close-in orbit with a period of 1.89 days. The host star is a M = 1.78 ± 0.12 M A star rotating at v sin I = 40.61 +0.32 −0.35 km s −1 , enabling us to characterize the spectroscopic transit of the brown dwarf via Doppler tomography. We find that HATS-70b, like other massive planets and brown dwarfs previously sampled, orbits in a low projected-obliquity orbit with λ = 8.9
INTRODUCTION
Brown dwarf companions are a rarity around Sun-like stars (e.g. Marcy & Butler 2000; Grether & Lineweaver 2006; Sahlmann et al. 2011) . These sub-stellar objects, with masses between 13 and 80 M Jup , are seldom found within 0.1-0.2 AU of a sun-like star (Troup et al. 2016 ). As such, transiting examples of brown dwarf companions are particularly rare. Where available though, the transit geometry of a companion brown dwarf offers the same benefits as the planet counterparts for understanding their formation, evolution, and atmospheres. The densities of brown dwarfs may be related to their metallicity (e.g. Burrows et al. 2011) , the obliquity angle offers a glimpse into their migrational history (Triaud et al. 2009; Siverd et al. 2012) , while their atmospheres may be compared to similarly irradiated giant planets (Beatty et al. 2017) .
The brown dwarf class encompasses the merging tail ends of giant planet formation and star formation. Core accretion may be responsible for massive giant planets and low mass brown dwarfs up to ≈ 40 M Jup (Mordasini et al. 2012) . Alternatively, disk instability may result in the formation of brown dwarfs within a similar mass range (e.g. Nayakshin & Fletcher 2015; Müller et al. 2018) . Hydrodynamic simulations from Bate (2009) can also reproduce a wide range of binaries with brown dwarf secondaries during the formation of star clusters. Ma & Ge (2014) argue that the brown dwarf population can be divided along a gap at 35 M Jup < M p < 55 M Jup , where the eccentricity distributions of the two populations diverge. They argue that the lower mass end of the distribution may be the result of disk instability, while the higher mass brown dwarfs formed as a result of cloud fragmentation. Schlaufman (2018) further argues for a divide at ∼ 4 M Jup based on metallicity trends in the planet occurrence rate: the less massive giant planets may have formed via core accretion, and therefore display a strong occurrence rate dependence with host star metallicity, while higher massed planets and brown dwarfs show no metallicity bias, a classical signature of disk instability.
The properties of the orbiting brown dwarf may also depend on the mass of the host star. Radial velocity surveys have found massive planets to be more prevalent around massive stars Jones et al. 2014; Borgniet et al. 2018) , however massive planets can also spin up the host star, and lose orbital angular momentum in the process. Tidal dissipation via internal gravity waves in the convective-radiative boundary is efficient for G stars, and lacking in F type stars (Barker & Ogilvie 2010; Guillot et al. 2014 ). As such, massive planets may be more efficiently engulfed by stars below the Kraft break (Kraft 1967 (Kraft , 1970 , and only surviving around higher mass stars. Though empirical studies making use of the hot-Jupiter population have often found that tidal in-spiral may take longer than expected for many systems, providing helpful constraints on the tidal dissipation coefficient across known planethosting stars (e.g. Penev et al. 2012; Collier Cameron & Jardine 2018) . The stellar binarity rate is also known to be an increasing function of stellar mass (both from observations, Duchêne & Kraus 2013, and simulations, Bate 2009 ), and we may expect brown dwarf companions formed in the star formation process to be more abundant about higher mass stars.
We report the first transiting brown dwarf found around an A star. HATS-70b is a brown dwarf at the deuterium burning mass limit orbiting a T eff = 7930 +630 −820 K A star with an orbital period of P = 1.89 days. The transits were first identified by the HATSouth network , and confirmed via photometric and spectroscopic follow-up observations that measured the radius and mass of the companion. Finally, blend scenarios are eliminated by measuring the Doppler tomographic transit of the brown dwarf, confirming that the transit and radial velocity signal are indeed originating from the A star, not a background binary.
OBSERVATIONS

Photometry
The transits of HATS-70b were first identified by the HATSouth network ). To provide continuous coverage of large fields of the sky, HATSouth operates a network of telescopes across the Southern hemisphere, at Las Campanas Observatory in Chile, at the High Energy Spectroscopic Survey (HESS) site in Namibia, and at Siding Spring Observatory (SSO) in Australia. The photometric reductions, including detrending via External Parameter Decorrelation (EPD Bakos et al. 2010) and Trend Filtering Algorithm (TFA Kovács et al. 2005) , and candidate finding via Box Least Squares (BLS Kovács et al. 2002) searches, are fully described in Penev et al. (2013) . The HATSouth survey has discovered 60 planets to date, the full set of discoveries can be found at https://hatsouth.org/. The HATSouth discovery light curve for HATS-70b is shown in Relative Flux Figure 1 . The unbinned r band HATSouth discovery light curve of HATS-70. The light curve has been phase folded to the orbital period of P = 1.89, and the best fit model, described in Section 3, is overlaid in red.
Figure 1, and the full light curve dataset is presented in Table 2 and Figure 2 . A series of photometric follow-up observations were obtained for the transits of HATS-70b, summarized in Table 1 . These observations were gathered over the course of 5 years, covering photometric bands ranging from g in the blue to Ks in the near infrared. The follow-up transits help refine the ephemeris of the companion, and were used to search for color-dependence in the transit depth that may be indicative of astrophysical blending scenarios. The egress of HATS-70b was captured on 2013 Oct 26 with the 0.9 m SMARTS Telescope at Cerro Tololo Inter-American Observatory (CTIO). A full I band transit on 2014 Mar 13 was observed with the Danish Faint Object Spectrograph and Camera (DFOSC) on the Danish 1.54 m (DK 1.54 m) telescope at La Silla, Chile. A partial transit was obtained with the IRIS2 infrared camera on the AngloAustralian Telescope at Siding Spring Observatory, Australia, on 2016 Feb 16. The observations were obtained in the Ks band, and were reduced as per the procedure described in Zhou et al. (2014) . The 1 m Swope telescope, located at Las Campanas Observatory, was used on 2016 Feb 19 to obtain a g full transit using its e2v CCD camera. An i band egress of HATS-70b was observed with the 0.7 m Chilean-Hungarian Automated Telescope (CHAT) on 2018 Jan 14. CHAT is a dedicated transit-followup telescope located at Las Campanas Observatory, and makes use of a 2K × 2K back-illuminated CCD yielding a pixel scale of 0 .6 pixel −1 over a field of view of 21 × 21 . Observations from the Las Cumbres Observatory (LCO, Brown et al. 2013) Figure 2 . Follow-up light curves for the transit around HATS-70. The AAT IRIS2 Ks band photometry have been binned to a phase of 0.001 (∼ 3 minutes), all other observations are presented unbinned. The best fit transit models are plotted in red over each set of observations. An arbitrary vertical offset has been applied to each observation for clarity. The residuals of each light curve after subtraction of the best fit model are shown in the right panel at the same scale.
with the automated LCO pipeline, and photometric extraction was performed as per Bayliss et al. (2015) .
Spectroscopy
A series of spectroscopic observations of HATS-70 were obtained to measure the mass of the companion, constrain the properties of the host star, and to measure the line profile variations during the transit of HATS70b. These observations are summarized in Table 3 .
Seven observations were obtained with the CORALIE spectrograph (Queloz et al. 2001 ) on the Euler 1.2 m telescope at La Silla Observatory, Chile. Spectra from CORALIE covers the range of 3900 − 6800Å at a resolution of λ/∆λ ≡ R = 60000. Our observations were obtained with integration times of 1800 − 3600 s, yielding a signal-to-noise ratio of ∼ 20 per resolution element. An additional twelve observations were obtained with FEROS (Kaufer & Pasquini 1998) on the MPG 2.2 m telescope at La Silla. FEROS is a fiber fed spectrograph with spectral resolution of R = 48000 over the wavelength range of 3500 − 9200Å. The observations were of 1800 s in exposure time, yielding a signal-to-noise of ∼ 80 at peak. Spectroscopic reductions and radial velocity measurements for the CORALIE and FEROS observations were performed using the CERES pipeline (Brahm et al. 2017) . The spectra are extracted via the optimal extraction technique (Horne 1986; Marsh 1989) , with weights determined from the Quartz-lamp illuminated calibrations, while the wavelength calibration is obtained via a 2D Chebyshev polynomial fit to the ThAr arc lamp lines. Radial velocities are derive from the spectra via cross correlations against a binary mask of a G2 star, similar to the procedure described in (Mayor et al. 2003) . The radial velocities from CORALIE and FEROS are listed in Table 4 . The radial velocity orbit is plotted in Figure 3 . Spectroscopic observations during transit can reveal the passing shadow of the transiting companion as parts of the rotating stellar disk are occulted. These timeseries observations record the stellar line profile variations due to the occultation, and have been widely used to measure the projected obliquity angle of planets (Rossiter 1924; McLaughlin 1924; Queloz et al. 2000) , as well as being a final confirmation for the nature of the transiting companion .
To measure the spectroscopic transit of HATS-70b, we obtained a series of observations with the Magellan Inamori Kyocera Echelle (MIKE, Bernstein et al. 2003) on the 6.5 m Magellan Clay telescope at Las Campanas Observatory on 2017 Dec 27. The observations span from 00:46 to 07:45 UTC, covering the full transit, and were obtained over the airmass range of 2.1-Zenith-1.1 over the course of the night, with the seeing remaining below 1 throughout. The observations were obtained with the 0. 35 slit, yielding the highest possible resolution for the spectrograph of R = 85000 in the blue camera (3200 − 5000Å), and R = 65000 in the red (4900 − 10000Å). An integration time of 900 s was adopted for both the blue and red arms, with ThAr arc lamp exposures every 30 minutes providing the wavelength solution. Spectral extraction was performed with the Carnegie Carpy package (Kelson et al. 2000; Kelson 2003) . The Doppler tomographic analysis of the MIKE observations follow the process described in Zhou et al. (2018) . The line profiles are derived using a leastsquares deconvolution (Donati et al. 1997 ) against a set of synthetic non-rotating spectral templates generated using SPECTRUM (Gray & Corbally 1994) with ATLAS9 model atmospheres (Castelli & Kurucz 2004) . The line profiles are derived from order to order, and weighted averaged based on the signal-to-noise of the line profile peak height. The line profile variations, plotted as a function of time, are shown in Figure 4 . The transit signal of the brown dwarf is clearly seen as the dark trail extending from bottom left (ingress) to top right (egress).
We also attempted a Doppler tomographic observation with the echelle spectrograph on the 2.5 m Irénée du Pont telescope at Las Campanas Observatory on 2016 Feb 20. A total of 22 observations were obtained, and line profiles were measured using the least-squares deconvolution analysis, but were of too low signal-to-noise to reveal the shallow planetary shadow.
Lucky imaging
To further check for nearby stellar companions to HATS-70, we obtained z band lucky imaging observations with the Astralux Sur camera (Hippler et al. 2009 ) on the 3.58 m New Technology Telescope at La Silla Observatory. The observations and reductions follow the procedure in Espinoza et al. (2016 function with an effective full width at half maximum of FHWM eff = 3.92 ± 0.32 pixels, or 59.6 ± 4.8 mas at a pixel scale of 15.20mas pixel −1 (Janson et al. 2017 ). We did not detect any stellar companions within 2 for HATS-70. The resulting Astralux images and contrast curves are show in Figure 5 3. ANALYSIS
Properties of the host star
With a broadband color of J − K = 0.099 for HATS-70, it was evident that the host star is of an early spectral class. An initial estimate of the effective temperature with the J − K color (Skrutskie et al. 2006) and Gaia parallax (Gaia Collaboration et al. 2018) confirms that the target star is indeed an A dwarf. We make use of the combined out-of-transit MIKE spectra for a spectral match against a library of synthetic spectra generated with SPECTRUM (see Section 2.2). The template spectra are broadened by the observed broadening kernel derived from a least-squares deconvolution against a non-rotating stellar template. This convolution matches the rotational and macroturbulent broadening of the templates to the observation perfectly, as well as accounting for the radial velocity shift of the target star. We perform a least squares fit of the spectrum over 5150 − 5350Å against a grid of synthetic templates from Buchhave et al. (2012) , at step sizes of 500 K in T eff and 0.5 dex in [Fe/H]. We adopt a surface gravity of log g = 4.0 for this analysis. The log g will be eventually refined via transit-derived stellar densities within the global analysis (Section 3.3). We find a best fitting template of T eff = 7750 K and [Fe/H] = 0.0 dex, confirming the target star is indeed a near-solar metallicity A-star. The best fit spectral template is plotted against the observed spectrum in Figure 6 . We note, however, that without the lack of a substantial set of standard star comparisons obtained with MIKE in a similar setup, we cannot accurately estimate the uncertainties involved in our stellar parameter estimates. The final stellar parameters are provided within the global analysis via an spectral energy distribution (SED) fit (Appendix A). Stars hotter than the Kraft break have radiative envelopes, and lack the mass-loss process of solar-type stars that spin down over their main sequence lifetimes. As such, A stars are often found rotating at 10 − 100 km s −1 . This rapid rotation hinders precise radial velocity measurements, but enables us to obtain a Doppler tomographic measurement of the planetary transit. An accurate estimation of the rotational velocity of the host star is essential in determining the projected obliquity angle from this observation. As such, we model the out-of-transit line broadening profiles derived from the least-squares deconvolution process to measure the v sin I of HATS-70. The line profiles are modeled with a rotational, macroturbulent, and instrumen- tal broadening kernel as per Zhou et al. (2018) . The contributions of rotational and macroturbulent broadening are computed via a disk integration as per Gray (2005) . The model profile is then convolved against a Gaussian of width 4.6 km s −1 to account for the instrumental broadening of MIKE's red arm. We fit for values of rotational and macroturbulent broadening via a Markov chain Monte Carlo analysis using the ensemble sampler emcee (Foreman-Mackey et al. 2013) , and find a best fit value of v sin I = 40.58 ± 0.34 km s −1 and v macro = 6.0 ± 1.2 km s −1 . Since it is difficult to measure accurate uncertainties from the LSD profiles, we measure the velocity broadening values for each observed spectrum independently, and take the scatter in the values as our uncertainty. To better understand the instrument dependence of our broadening velocity measurements, we perform the same analysis on spectra from the other facilities. We measure v sin I = 40.16 ± 0.51 km s 
Search for light curve modulation and additional companions
We search for the additional signals in the HATSouth discovery light curves indicative of rotational modulation, pulsations, or additional transiting companions. Running a generalized Lomb-Scargle analysis (Zechmeister & Kürster 2009) on the transit-removed HATSouth light curve yields no significant detection. The highest peak in the periodogram has a false alarm prob-ability of 50%, with a 95% confidence upper limit on the semi-amplitude of 0.9 mmag. To search for additional companions, we run another iteration of BLS on the transit-removed light curves, revealing no additional transit signals present. The highest peak in the BLS spectrum has a period of 0.2622 days and a signal-tonoise ratio of 7, below our threshold for identifying significant detections in HATSouth light curves. We note that HATS-70sits at the edge of the instability strip for δ scuti stars, though unlike many previous A-star planet hosts (e.g. Collier Temple et al. 2017) , it lacks signatures of strong pulsations in the HATSouth discovery light curves, follow-up light curves, or in the Doppler tomographic line profile residuals.
Global modeling of system parameters
We perform a global modeling of the system parameters to determine the final stellar and brown dwarf properties. The modeling of HATS-70b is complicated by the rapid rotation of the host star and the non-negligible mass of the secondary. In particular, the rapid rotation of the host star 1) makes it difficult to determine precise stellar parameters from spectra, due to the broadening and blending of key lines, 2) requires the effects associated with stellar gravity darkening to be incorporated in the modeling of the system, accounting for stellar oblateness and the latitudinal-dependence in the illumination of the stellar disk.
To account for these effects, we make use of the gravity darkening code made available by Herman et al. (2018) in modeling the transit light curves. The stellar mass and radius are estimated by fitting the SED simultaneous to the global modeling. The Geneva isochrones (Ekström et al. 2012 ) are employed to constrain the stellar oblateness, in order to estimate the magnitude of the gravity darkening effect, and to properly account for the geometric dependence between the apparent luminosity and the line of sight inclination of the star. A full description of the treatment of gravity darkening in the SED modeling can be found in Appendix A.
We make use of the discovery light curves, followup light curves, radial velocities from CORALIE and FEROS, the Doppler tomographic observation from Magellan/MIKE, photometric magnitudes from APASS (Henden et al. 2016 ) and 2MASS (Skrutskie et al. 2006) , and Gaia DR2 (Gaia Collaboration et al. 2018 ) parallax information in our analysis. Free parameters include the orbital period P , transit centroid T c , radius ratio R p /R , and transit inclination i. The stellar and companion properties are fitted for directly, with free parameters for the mass M , radius R , and metallicity [Fe/H] of the host star, and mass of the brown dwarf companion M p . The radial velocities are computed based on the tested masses at each step, along with the eccentricity free parameters √ e cos ω and √ e sin ω; we also account for jitter as per Haywood et al. (2016) , and allow a systemic offset for velocities from each facility. The projected orbital obliquity λ, rotational broadening velocity v sin I , and stellar macroturbulence v macro are used to constrain the Doppler tomographic signal. We allow for additional parameters to describe the SED, including line of sight stellar inclination I * , parallax, and interstellar reddening E(B − V ). Correlated noise in the follow-up light curves are corrected for with linear detrending coefficients against parameters including time, airmass, target star position on the detector, and fullwidth at half-maximum of the point-spread-function. The transits in the discovery light curve are often shallower than those in the follow-up light curves due to various detrending processes during the initial signal search. We account for this by multiplying the transit model with a dilution factor to match the HATSouth light curves. Photometric uncertainties can often be underestimated, we therefore inflate the per-point uncertainties of each of the discovery and follow-up light curves such that the reduced χ 2 is at unity before fitting the datasets.
In the global modeling, the gravity darkening exponent and the quadratic limb darkening parameters are fixed to their interpolated values from Claret & Bloemen (2011) , and are listed in Table 6 . To model the gravity darkening effect in both the light curve and the SED, we interpolate the Geneva isochrones for a stellar oblateness value (R pole /R eq ), given the stellar mass, radius, and equatorial rotational velocity tested at each iteration of the minimization. The resulting posterior for the stellar oblateness is reported in Table 5 .
The Doppler tomographic transit is modeled via a 2D integration of the stellar surface occulted by the planet, to include the effects of differential limb darkening, instrument broadening, and macroturbulent broadening of the planet's shadow (as per Zhou et al. 2017 ). In addition, to account for the broadening induced by the long integration times of our spectra, we integrate over three separate epochs for each spectral observation. We assume a quadratic limb darkening coefficient at the Kepler band from Claret & Bloemen (2011) when computing the line profiles for the Doppler tomographic model. The MIKE blue and red arm datasets are modeled separately as to account for their respective instrument resolutions.
The posterior is sampled with a Markov chain Monte Carlo analysis, using the affine invariant ensemble sampler emcee (Foreman-Mackey et al. 2013 ). The rota-tional and macroturbulent broadening velocities are constrained by Gaussian priors about their spectroscopically measured values. The stellar metallicity is constrained by a Gaussian prior about the Galactic disk metallicity at 0.15-1.00 Gyr (Robin et al. 2003) . The system parallax is constrained by a prior about the Gaia DR2 value (Gaia Collaboration et al. 2018) , with the systematic correction from Stassun & Torres (2018b) applied. Reddening of the SED is also constrained to be below the local maximum from Schlafly & Finkbeiner (2011) . The inclination I of the rotation axis is constrained by a cos I prior.
We also make the same analysis with the Dartmouth isochrones (Dotter et al. 2008 ) for a comparison against models not including rotation. Similar to the analysis with the Geneva rotational isochrones, we make use of the pre-computed magnitudes of the Dartmouth isochrones to perform a simultaneous SED fit with the system modeling. In addition to the APASS and 2MASS magnitudes, we also make use of the G, BP , and RP magnitudes from Gaia for the SED fitting. These Gaia magnitudes are not used for the Geneva isochrone modeling since there is no available limb darkening coefficients in the Gaia bands, making it difficult for us to compute magnitudes from the disk-integrated SEDs.
The resulting stellar and planetary parameters are displayed in Tables 5 and 6 respectively. Where appropriate, the priors have been indicated in the tables.
We find HATS-70b to be a M p = 12.9
+0.079 −0.074 R Jup brown dwarf orbiting a M = 1.78 ± 0.12 M A star. The brown dwarf is orbiting well aligned with the spin of its host star, with a projected obliquity of |λ| = 8.9
+5.6 −4.5
• . The results from the Geneva rotational isochrone models are consistent with those from the non-rotating Dartmouth isochrone modeling. Figure 7 shows the best fit Geneva-based SED to the APASS and 2MASS magnitudes, as well as the transit-inferred stellar density against the SED-inferred effective temperature along the Geneva evolution tracks.
To test the robustness of our analysis, we also model the system with the orbital eccentricity fixed to zero, but found no significant differences in M p and R p compared to the results presented here. To assess the levels of correlated noise remaining in the follow-up light curves following the simultaneous detrending, we follow equation 2 of Winn et al. (2008) and bin the light curve residuals into consecutively larger segments, and compare the scatter of the binned residuals against that of the unbinned light curve. We find that the β coefficient is below 1.3 for each of the follow-up light curves post-detrending; for reference uncorrelated noise should result in β coefficients of 1. (Henden et al. 2016 ) survey, the J, H, and K band magnitudes from 2MASS (Skrutskie et al. 2006) . The model SED is computed by a disk integration over a gravity darkened model stellar surface with ATLAS9 models (Castelli & Kurucz 2004) , and accounts for the best fit inclination of the stellar rotation axis. Bottom: Error ellipses showing the SED-inferred effective temperature of HATS-70 against the transit-derived stellar density ρ . The 1 and 2σ error ellipses are marked. Geneva evolution tracks (Ekström et al. 2012) are plotted in the background for stars of mass 1.5, 1.7, and 1.9 M . The gradient of the lines indicate the modeled stellar rotation of each track, with no rotation (Ω/Ωc = 0) being darkest, Ω/Ωc = 0.5 lightest.
Blend scenarios
Some stellar eclipsing binary configurations may mimic or dilute the transit and radial velocity signal of a planetary system. The Doppler tomographic detection of the planetary transit demonstrates that the orbiting companion is indeed transiting the rapidly rotating A star, and the transit signal is not originating from a background eclipsing binary blended with the bright A star ). Significant dilution a Where the quoted property is a free parameter in the global modeling, a prior and its range have been given. Steps are linear unless otherwise noted.
b Gaia DR2 parallax (?) with a systematic correction of −82 ± 33 micro-arcseconds applied as per Stassun & Torres (2018a) , the uncertainties from Gaia and Stassun & Torres (2018a) have been added in quadrature.
c Derived from the global modelling described in Section 3, co-constrained by spectroscopic stellar parameters and the Gaia DR2 parallax.
d Uniform distribution for reddening up to the local maximum set by Schlafly & Finkbeiner (2011) These values were adopted from the tabulations by Claret & Bloemen (2011) according to the spectroscopic an initial estimate of the stellar parameters. The limb darkening coefficients are held fixed during the global modelling.
c The RV jitter term is fitted for as per Haywood et al. (2016) within the global modeling.
d The systemic RV for the system as measured relative to the telluric lines e Solutions leading to e > 1 are rejected in the MCMC f The mass measurement is quoted as the median of the posterior, with the uncertainties defined as the 68 percentile region.
g The Safronov number is given by Θ = 1 2 (Vesc/V orb ) 2 = (a/Rp)(Mp/M ) (see Hansen & Barman 2007) .
h Incoming flux per unit surface area, averaged over the orbit.
of the primary transit due to a blended background star can also be ruled out. The depth of the Doppler tomographic shadow matches model predictions based on the photometric transit, and no residuals are visible after subtraction of the model transit (see residual panel of Figure 4 ). We found no other sources within 5 in the Gaia DR2 catalog, as well as no companions within 2 from the Astralux lucky imaging observations. We also note that the agreement between the SED and a single star spectral model rules out any blending against a bright background star. Line profiles measured from least-square deconvolutions can reveal close-companions with flux ratios of ∼ 1% (see Figure 5 of Siverd et al. 2018) . To search for fainter stellar blends, we inject and attempt to recover an additional stellar signal in the out-of-transit Magellan/MIKE line profiles. We restrict the exercise to hypothetical companion stars rotating slower than the instrument resolution, such that the width of the companion line profile is fixed, and the line profile can be approximated by a Gaussian representing the instrument resolution. We simultaneously fit for the line profile of HATS-70b and the injected companion via an MCMC routine utilizing the emcee package. We find that stellar companions of flux ratio > 0.008 can be identified successfully with this exercise. No such stellar companions were found. 
System obliquity
We were able to constrain the full 3D obliquity of the HATS-70 system. The projected obliquity of HATS-70b was measured to be |λ| = 8.9
• from our spectroscopic transit observation. The line of sight inclination I was constrained by light curve modeling of the gravity darkening effect and constraints on physical spin-rates of the host star via isochrone modeling, and was found to be > 74.9 (1σ)
• . Given that we know λ, I , and the transit inclination i, we can calculate the true obliquity ψ of the system to be 13.2 HATS-70b is one of few massive planet / brown dwarf systems with its obliquity measured. Hébrard et al. (2011) and Triaud (2017) noted that objects more massive than ∼ 3 M Jup tend to be in well aligned orbits. Figure 8 plots the obliquities of all systems hosting 10 < M p < 80 M Jup companions, demonstrating the lack of significantly misaligned systems within this mass range. Of which, HAT-P-2b (Winn et al. 2007; Loeillet et al. 2008; Albrecht et al. 2012) , WASP-18b (Triaud et al. 2010) , KELT-1b (Siverd et al. 2012) , and HATS-70b are all found to be well aligned to their host stars, while CoRoT-3b (Triaud et al. 2009 ) and XO-3b (Hébrard et al. 2008; Winn et al. 2009; Hirano et al. 2011) are both orbiting in the prograde direction with the orbit normal within 40
• of the projected stellar rotation axis. In all six systems, the host stars reside above the Kraft break, where high obliquity hot Jupiters are found regularly (Winn et al. 2010; Albrecht et al. 2012 ). For comparison, out of the lower mass (M p < 3 M Jup ) sample of systems definitively above the Kraft break (T eff > 6500 K), 5 of 11 are misaligned at angles over 40
• . Though orbital obliquities can reflect the migrational history of systems, the spin-orbit state of the planetary system can often be modified by star-planet tidal interactions. Tides are stronger between these massive companions and the host star than the typical hot Jupiter systems. If significant tidal evolution has occurred for the system to modify the spin orientation of the host star, then we should expect the spin rate of the star to be synchronized with the orbital period of the planet. If HATS-70 was spin synchronized with the orbit of the brown dwarf companion, then we should observe a rotational velocity of 50.4 ± 1.8 km s −1 , more than 5σ different from our measured rotational velocity. We can further check to see if HATS-70 has fallen into a Darwin-stable regime by comparing the total angular momentum of the system to a critical angular momentum. Following the procedure from Matsumura et al. (2010) , we find that the total angular momentum of the HATS-70 system falls short of the critical value required for Darwin-stability by 0.95. In addition, the orbital angular momentum of the brown dwarf is only larger than the spin angular momentum of the system by a factor of 2.4, falling short of that required for reaching a Darwin-stable regime. For comparison, Siverd et al. (2012) found the brown dwarf KELT-1 to be within the Darwin stable regime, and with its measured rotational velocity consistent with that expected from spin-orbit synchronization. We can also estimate the timescale for HATS-70b to modify the spin of its host star using Equation 3. of Hansen (2012) , where tidal dissipation is calibrated with respect to stellar mass. In this framework, HATS-70b has no influence on the spin of the host star at its current orbital separation, with such modification timescales being well above the Hubble time. Similarly, HAT-P-2b and CoRoT-3b orbit too distant from their host stars for tidal effects to partake in the spin evolution of the host star. We can also check for signs of spin-orbit synchronization in these systems. With the exception of KELT-1, all these systems have v sin I values differing from the expected synchronous rotational velocities by more than 3σ, suggesting that they are not in the synchronous state. Ma & Ge (2014) notes that systems hosting brown dwarfs < 42.5 M Jup follow a distinct eccentricity trend, where the eccentricity envelope falls off as a function of companion mass. They note that systems with higher mass brown dwarfs do not follow this mass-dependent eccentricity envelope. As they pointed out, planet scattering simulations by Ford & Rasio (2008) predict such a mass-dependent envelope, with massive inner brown dwarfs requiring equally massive outer companions for planet-planet scattering. Ma & Ge (2014) argues the necessity to form multiples of such massive objects via core accretion within a neighboring part of the protoplanetary disk biases against scattering migration of massive planets and brown dwarfs. The lack of high obliquity, high mass transiting companions tentatively agrees with this assessment.
We note that in addition to these six systems, a number of brown dwarf-hosting stars are rapidly rotating and suitable for further spectroscopic obliquity characterizations, including CoRoT-15 (Bouchy et al. 2011b) , WASP-30 (Anderson et al. 2011 ), Kepler-39 (Bouchy et al. 2011a Bonomo et al. 2015) , and WASP-128 (Hodžić et al. 2018) . We caution that of these systems, CoRoT-15 and WASP-30 are have rotational velocities similar to that expected from spin-orbit synchronization, and may have already undergone significant tidal interactions modifying the spins of the host star. Establishing a population of higher mass companions with obliquities measured, around hot stars for which planet-star tidal effects are minimal, is another pathway to determining the origins of close-in brown dwarfs.
HATS-70b on the mass radius diagram
With a radius of R p = 1.384 +0.079 −0.074 R Jup , HATS-70b is amongst the largest in radius of the massive planets and brown dwarfs, and is larger than the model predictions of Fortney et al. (2007) by 20 % at 1 Gyr. The radius excess of hot Jupiters has been well studied in the literature, with effects such as enhanced atmospheric metallicity and opacity (e.g. Burrows et al. 2007 Burrows et al. , 2011 , and Ohmic dissipation (e.g. Batygin & Stevenson 2010) being explored over the past two decades. Though no universal mechanism has emerged, the models all predict a lack of radius excess for the most massive planets and brown dwarfs. The radii of these objects are strongly defined by electron degeneracy, and are not predicted to deviate above ≈ 1 R Jup after ∼ 500 Myr (e.g. Baraffe et al. 2003; Fortney et al. 2007 ). Figure 9 shows the mass-radius distribution of planets and brown dwarfs against their equilibrium temperature. Empirically, the radius excess of hot Jupiters has long been linked to their irradiation and host star metallicity (e.g. Enoch et al. 2012) , and more recent studies (Bhatti et al. 2016 ) using a much larger sample of transiting hot Jupiters found that the radii of massive planets M p > 2 M Jup are also dependent on irradiation. Though an outlier, HATS-70b is not the only heavily irradiated high mass companion with an inflated radius. Similar to HATS-70b, Kepler-13b orbits an A star at a period of 1.76 days, with a mass of M p = 4.94 − 8.09 M Jup and a radius of R p = 1.406 ± 0.038 R Jup (Shporer et al. 2011 (Shporer et al. , 2014 . The radius anomaly is clearly present at least for individual systems in the high mass regime, and further tests of radius inflation models need to account for the peculiarities of these systems.
We thank the reviewer for their thorough comments, especially in helping us better understand the dynamical history of this system. Development of the HATSouth project was funded by NSF MRI grant NSF/AST-0723074, operations have been supported by NASA grants NNX09AB29G, NNX12AH91H, and T eq = 500K 2500K Figure 9 . The mass radius diagram of transiting giant planets and brown dwarfs. The systems are colored according to their equilibrium temperatures Teq. HATS-70b is amongst the most inflated of the massive planets discovered. The planet population (Mp < 30MJup) are obtained from NASA Exoplanet Archive, while the brown dwarf population is drawn from Bayliss et al. (2017) , with the addition of more recent discoveries. Objects more massive than 10 MJup are labelled in grey, including CoRoT3b (Deleuil et al. 2008) , CoRoT-15b (Bouchy et al. 2011b ), CoRoT-27b (Parviainen et al. 2014) , CoRoT-33b (Csizmadia et al. 2015) , EPIC 201702477b (Bayliss et al. 2017) , EPIC 219388192b (Nowak et al. 2017 ), HAT-P-2b (Bakos et al. 2007 ), KELT-1b (Siverd et al. 2012) , KOI-189b (Díaz et al. 2014) , KOI-415b (Moutou et al. 2013 ), Kepler-39b (Bouchy et al. 2011a ), Kepler-75b (Hébrard et al. 2013 Rotation is an important parameter governing the evolution of stars. Rotation encourages additional mixing of hydrogen in the core and envelope, extending the lifetime and luminosity of rapidly rotating stars (e.g. Ekström et al. 2012) . Rotation also induces oblateness in the shape of the stars, with the poles flattened with respect to the equator. This 'gravity darkening' effect causes the poles to be hotter and more luminous than the equator (von Zeipel 1924; Espinosa Lara & Rieutord 2011; Claret & Bloemen 2011) .
Gravity darkening affects the resulting system parameters in two ways. The transit shape becomes a function of the transit geometry (Barnes 2009 ), since the brightness of the stellar surface varies as a function of latitude. The light curve would exhibit a flattened bottom in the event of a transit through the equator of the star, while a transit through the poles will appear more 'V' shaped. The transit chord length also depends on the oblateness of the star. The transit duration is longer for transits along the equator of an oblate star, and shorter for transits from pole to pole. To correctly account for the transits of an oblate, rapidly rotating star, we make use of the gravity darkening transit code simuTrans described in Herman et al. (2018) , a numerical integrator that accounts for the gravity darkened, oblate surface of the star as per the prescription in Barnes (2009) .
The effective temperature and apparent brightness of a rapidly rotating host star depends on the viewing geometry. The same star appears brighter and hotter if viewed from a polar geometry, and vice versa for the equatorial geometry (see Figure 10 ). As such, not accounting for the viewing geometry of the system can bias the derived parameters of the planet and the host star. The effect of the gravity darkening on the estimation of stellar parameters are illustrated in Brandt & Huang (2015) for the Hyades cluster. We follow their approach and adopt a modified set of Geneva 2D rotational stellar isochrones (Ekström et al. 2012 ), extended to account for the influence of gravity darkening as a function of stellar inclination. For each point in the Geneva isochrones grid, we calculate a set of SEDs for stellar inclinations (I ) between 0 and 90
• at steps of 10
• . The SEDs are calculated by a disk integration of ATLAS9 fluxes (Castelli & Kurucz 2004) , with the temperature at the stellar surface calculated using the von Zeipel (1924) gravity darkening laws, assuming a gravity darkening coefficient of β = 0.19 (from Claret & Bloemen 2011, at T eff = 8000 K and log g = 4.0, for the Kepler band, assuming y = 4 β). At each wavelength, the SEDs from each part of the stellar disk are summed based on a quadratic limb darkening law interpolated from Claret & Bloemen (2011) . We use the SEDs to calculate absolute magnitudes for the APASS and 2MASS photometric bands for use in the eventual SED fitting. The isochrones are then interpolated via a Gradient Boosting Regression function implemented in the scikitlearn package in Python, along the stellar mass (M ), radius (R ), metallicity ([Fe/H]), equatorial rotational velocity v, and stellar inclination I plane.
To test our interpolation, we fit the SEDs of 250 randomly selected stars sampled by the AAT-HERMES facility over the Southern ecliptic pole (Sharma et al. 2018) . For each star, we solve for their mass, radius, and infer their effective temperature from an SED fitting using our integrated photometric magnitudes from our SED computed via the Geneva isochrones and ATLAS9 models. The metallicities [Fe/H] are fixed to that determined spectroscopically by AAT-HERMES in this exercise. Figure 11 shows our SED fitting results against the spectroscopic results from Sharma et al. (2018) , with a resulting scatter of σ T eff = 207 K and σ log g = 0.16 dex.
We note that since the metallicity is very poorly constrained in the SED fitting, in our global analysis we adopt the metallicity of the galactic disk at ages of 0.15-1.00 Gyr ([Fe/H] = 0.03 ± 0.12, Robin et al. 2003) as a Gaussian prior to help constrain the host star metallicity.
8000
Wavelength ( Geneva logg Figure 11 . We test our Geneva isochrone-based SED models against a subset of randomly selected stars observed by AAT-HERMES in the TESS continuous viewing zone (Sharma et al. 2018) . We fit for the APASS and 2MASS magnitudes against our SED models, with their metallicity [Fe/H] fixed to that determined by AAT-HERMES. The distances to each star is constrained by their Gaia DR2 parallaxes. We find a scatter of σ T eff = 207 K and σ log g = 0.16 dex in our derived effective temperature and surface gravity measurements. The points are colored by the effective temperatures of the host star, and the solid line indicates where the SED fit values agree with the AAT-HERMES values.
